Introduction

49
Memory is a dynamic process that allows for adaptation to the demands of a 50 continuously changing environment. The ability to update old memories in accordance 51 with new experiences is crucial for maintaining their relevance over time. Particularly, it 52 has been shown that after retrieval (or reactivation), memories may undergo a cycle of 53 labilization and restabilization commonly known as reconsolidation (Nader et al., 2000) .
54
The labile state induced by this process can thus allow changes in memory strength 55 and/or content (De Oliveira Alvares et al., 2013) . This has been most extensively 56 studied in aversive conditioning paradigms in rodents and humans and is of potential were performed using two-way repeated-measures ANOVA followed by a Bonferroni 136 post-hoc (reactivation sessions) or one-way ANOVA followed by Tukey post-hoc (test, 137 renewal, spontaneous recovery, and retraining test). * p < 0.05; ** p < 0.005; *** p < 138 0.0005; **** p < 0.0001. For full statistics, see Table S1 . 139 
140
Over the course of reactivation sessions, both groups presented a decrease in freezing, 141 but this was more marked in the deconditioning-update group (Fig 1B) , which presented 142 a decrease in freezing of around 70% in comparison to the no-footshock group and 80% 143 in comparison to the homecage control group in the test session (Fig 1C) . Animals in 144 the deconditioning-update group also had lower freezing responses in the renewal (Fig   145   1D ) and spontaneous recovery (Fig. 1E ) tests, although it should be noted that memory 146 recovery was not observed in the no-footshock group either, perhaps due to a ceiling 147 effect caused by insufficient extinction (for complete statistics, see Table 1 ). When 148 performing the same experiment, but with each tone co-terminating with a 0.3-mA 149 8 footshock in the reactivations, no fear reduction was shown (Fig. S1) ; on the contrary, 150 the footshock group presented higher levels of freezing than the no-footshock group 151 throughout the extinction sessions, as well as in the test. When using a single 152 reactivation session with 0.1mA, no difference was found in the test in comparison to 153 the no-footshock group (Fig. S2) , suggesting that deconditioning-update requires 154 several sessions to take place.
156
One could argue that the exposure to weak footshocks could simply lead to habituation 157 and consequent devaluation of the US, without altering the conditioned association 158 itself (Rescorla, 1973; Rescorla and Heth, 1975) . In order to test this alternative 159 interpretation, rats were conditioned as described above and the same 3 0.1 mA weak 160 footshocks were given in another context without being paired with the tones (Fig.   161   S3A ). In this case, no fear reduction was found in comparison to homecage controls.
162
( Fig. S3B) . To further rule out the devaluation hypothesis, another set of animals was 163 submitted to reinstatement after deconditioning, in order to test whether restoring the 164 original footshock valence outside of the extinction context might lead to memory 165 recovery. We found that the deconditioning group expressed a lower fear level when 166 compared with the no-footshock group in the test even after reinstatement (Fig. S3E) , 167 suggesting that the deconditioning-update effect is not due to US devaluation, but rather 168 to updating of the CS-US association.
170
Next, we asked whether the deconditioning-update effect would also be efficient in 171 reducing fear in female rats. As observed in males, females from the deconditioning-172 update group showed lower freezing levels throughout the reactivation sessions, as well 173 as in the test session, when compared with the control group (Fig 1H) . The same pattern was maintained in the renewal and spontaneous recovery tests (Fig 1I and 1J,   175 respectively). As a further way to test for persistence of the original memory, we 176 performed a retraining session in the original context with 3 0.5-mA CS-US pairings 24 177 h after the spontaneous recovery test to assess savings. The deconditioning-update 178 group had lower freezing compared with the other groups in a subsequent test session in 179 the extinction context, suggesting that our protocol also lowers the rate of re-acquisition 180 of an aversive memory (Fig. 1K) . our next experiments investigated whether deconditioning-update could attenuate fear 189 expression in these cases. First, we trained the animals in the same protocol described 190 above, but starting reactivations 40 days after conditioning ( Fig. 2A) . Once more, the 191 deconditioning-update group showed lower freezing expression throughout the 192 reactivation sessions (Fig. 2B) . 24 h after the last reactivation, both the footshock and 193 no-footshock groups presented a comparable decrease in freezing behavior when 194 compared to controls (Fig. 2C) . However, in the renewal and spontaneous recovery 195 tests, fear expression reemerged in the no-footshock group, while the deconditioning-196 update group maintained its low freezing levels ( Fig. 2D and 2E , respectively; Table   197 2). Table S2 .
219
Next, we tested whether a stronger fear memory would constrain the deconditioning-220 update effect by training animals with 5 CS-US pairings using 1mA shocks, while 221 maintaining the rest of the protocol unchanged. In spite of the stronger shock intensity 222 in the training session, the deconditioning-update group presented reduced freezing 223 levels in reactivation sessions when compared to the no-footshock group (Fig. 2G) .
224
These lower freezing levels were maintained in the test, renewal and spontaneous 225 recovery sessions, in which robust recovery was observed in no-footshock animals, but 226 not in the deconditioning-update group (Fig. 2H, 2I and 2J, respectively; Table 2 ).
227
Similar results were observed in females in a slightly modified protocol with 3 228 reactivation sessions (Fig. S4) . These experiments suggest that the deconditioning-229 update induces a plastic state, allowing the fear memory trace to be altered even in 230 boundary conditions that usually constrain memory updating (Pedraza et al., 2018) .
232
In order to investigate whether the deconditioning-update approach is effective in 233 attenuating other types of aversive memories, we trained animals in different fear-234 related tasks. First, we used a contextual fear conditioning paradigm, which is known to 235 involve a set of brain regions that is partially distinct from auditory conditioning and 236 includes the prefrontal cortex and hippocampus (Maren et al., 2013) . Animals were 237 placed in the conditioning chamber for 3 min before receiving two 0.5-mA, 2-s 238 footshocks separated by a 30-s interval. On days 3 to 6, rats were reexposed to the same 239 context for 4 min, with those in the deconditioning-update group receiving weak 240 footshocks (0.1mA, 2 s) 3 min after being placed in the chamber (Fig. 3A) . The 241 deconditioning-update group had lower fear expression during reactivations (Fig. 3B) 
242
and maintained these lower freezing levels compared with the other groups in the test 243 (Fig. 3C) . The same pattern was observed in the spontaneous recovery test, performed 244 20 days later, suggesting that the decrease in freezing caused by deconditioning-update 245 is long-lasting ( Fig. 3D; Table 3 ). receiving 2 0.1-mA shocks. In the test session, the animals were put in the light 252 compartment, and the latency to enter the dark compartment was measured (Fig. 3E) .
253
The deconditioning-update group showed a much shorter latency to reach the dark 254 13 chamber ( Fig. 3F ) and spent more time in the dark compartment over the 10-min 255 session compared to the other groups (Fig 3G; Table 3 ), suggesting that memory was 256 more robustly updated in this group during reactivation. Taken together, these results
257
suggest that the deconditioning-update strategy is effective in weakening distinct types 258 of fear-related memories. Dunn post-hoc was performed. *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001.
281
For full statistics, see Table S3 .
283
To address whether the deconditioning-update effect would also be observed within a 284 single, long-lasting extinction session, we trained animals and exposed them 48 h later extinction. In order to further explore this possibility, we subjected animals to a 24-tone 291 single-session extinction protocol (Fig. 4A) . This led to robust fear reduction both 292 15 within the extinction session (Fig 4B) and in a subsequent test (Fig 4C) in the no-293 footshock group, while freezing remained largely unchanged in the deconditioning-294 update group. However, fear memory reemerged in the renewal and spontaneous 295 recovery test among no-footshock animals (Fig 4D and 4E context information, as well as shock/non-shock information (Fig. 5A) . Additionally, (Fig. 5C ). This occurs because the "minor footshock" pattern 365 leads to recovery of the original memory as the outcome of the initial sessions (Fig 5D) , 366 causing mismatch-induced updating of the weights supporting these memories and 367 weakening of the mutual connections between shock and context neurons (Fig. 5E) . On in which this was achieved by providing a low-intensity shock at the end of every tone.
480
Studying whether both approaches could be combined -by gradually decreasing 481 footshock intensity, for example -could be an interesting topic for further investigation 482 of the deconditioning-update effect. 1A) due to health conditions. They were housed in plexiglass boxes, with 4 animals per 501 cage, with block randomization using the cage as subgroup to ensure that each cage 502 contained at least one animal per experimental group. Sample sizes ranged from 6 to 10, 503 yielding statistical power of at least 90% to detect an absolute difference of 30% in 504 freezing time (e.g. from 60 to 30%) with a standard deviation of 15% at α = 0.05 in a 2-505 tailed t test.
506
Animals were kept on 12/12h light/dark cycle under controlled temperature (21ºC ±2),
507
with regular chow and water available ad libitum and humidity of approximately 65%. except for those in Fig. S2 (1 session) and Fig. S4 (3 sessions) . In the devaluation 537 experiment (Fig S3A-B) , the protocol was the same, except that the 0.1mA footshocks 538 were presented in context C without being paired with the tone.
540
Test session: 24 h after the last reactivation session, both groups were presented with 3 541 unpaired CSs in context B. The percentage of time freezing during each tone 542 presentation was quantified, and the average for the 3 tones was used as a fear measure.
543
The first CS was presented 2 min into the session, with an interpairing interval of 1 min.
544
One minute after the final pairing, rats were returned to their home cages. 
550
One minute after the final pairing, rats were returned to their home cages. Reinstatement: 24 h after the test session, animals were exposed in to context C for 5 560 sec, where they received 2-sec 0.7mA footshocks. 24 h later, they were tested for 561 reinstatement in context B.
563
Retraining: 24 h after the spontaneous recovery test, rats were submitted to a training 564 procedure identical to the one described above, except that footshock intensity was 565 lower (0.3mA). They were then tested 24 h later to assess savings. were re-exposed to the same conditioning chamber for a 4-min test session and the 591 percentage of time freezing was quantified. 20 days later, the procedure was repeated to 592 assess spontaneous recovery.
594
Step-through inhibitory avoidance activity model (Hopfield, 1984) , in which activity varies from -1 to 1.
663
As a fully connected neural network, every neuron i is connected with every neuron j.
664
For the learning process, the network needs to reinforce the connections between 665 neurons that fire together, while creating inhibition when presynaptic neuron i is active Non-overlapping neuron clusters in the network were chosen to represent the training or 695 extinction contexts (6 neurons each), tone (2 neurons), aversive stimulus/shock (10 696 neurons) or safety/absence of shock (10 neurons) (Fig. 5A) . Initially, a pattern 697 representation of a memory unrelated to fear conditioning was presented as a cue to the 698 network. This was followed by a training pattern activating neurons representing 699 context A, tone and shock while inhibiting the remaining ones. Unlike in the original model, no synaptic decay was assumed (i.e. γ was set to 0) and 721 learning strength (as defined by S) was assumed to be smaller during reactivation 722
